Puwainaphycins (PUWs) and minutissamides (MINs) are structurally analogous 26 cyclic lipopeptides possessing cytotoxic activity. Both types of compound exhibit high 27 structural variability, particularly in the fatty acid (FA) moiety. Although biosynthetic gene 28 clusters for several PUW variants has been proposed in a cyanobacterial strain, the genetic 29 background for MINs remains unexplored. Herein, we report PUW/MIN biosynthetic gene 30 clusters and structural variants from six cyanobacterial strains. Comparison of biosynthetic 31 gene clusters indicates a common origin of the PUW/MIN hybrid nonribosomal peptide 32 synthetase and polyketide synthase. Surprisingly, the gene clusters encode two alternative 33 biosynthetic starter modules, and analysis of structural variants suggests that initiation by each 34 of the starter modules results in lipopeptides of differing length and FA substitution. Among 35 additional modifications of the FA chain, chlorination of minutissamide D was explained by 36 the presence of a putative halogenase gene in the PUW/MIN gene cluster of Anabaena 37 minutissima UTEX B 1613. We detected PUW variants bearing an acetyl substitution in 38 Symplocastrum muelleri NIVA-CYA 644, consistent with an O-acetyltransferase gene in its 39 biosynthetic gene cluster. The major lipopeptide variants did not exhibit any significant 40 antibacterial activity, and only the PUW F variant was moderately active against yeast, 41 consistent with previously published data suggesting that PUW/MIN interact preferentially 42 with eukaryotic plasma membranes. 43 44 Importance: Herein, we aimed to decipher the most important biosynthetic traits of a 45 prominent group of bioactive lipopeptides. We reveal evidence for initiation of biosynthesis 46 by two alternative starter units hardwired directly in the same gene cluster, eventually 47 resulting in the production of a remarkable range of lipopeptide variants. We identified 48 several unusual tailoring genes potentially involved in modifying the fatty acid chain. Careful 49 characterization of these biosynthetic gene clusters and their diverse products could provide 50 on December 4, 2018 by guest http://aem.asm.org/ Downloaded from 3 important insight into lipopeptide biosynthesis in prokaryotes. Some of the identified variants 51 exhibit cytotoxic and antifungal properties, and some are associated with a toxigenic biofilm-52 forming strain. The findings may prove valuable to researchers in the fields of natural product 53 discovery and toxicology. 54 55 Introduction 56 Bacterial lipopeptides are a prominent group of secondary metabolites with 57 pharmaceutical potential as antibacterial, antifungal, anticancer, and antiviral agents (1). 58 Compounds such as fengycin, the iturin family antibiotics, octapeptins, and daptomycin are 59 important pharmaceutical leads, the latter of which is already in clinical use (1-3). Their 60 biological activity is the result of an amphipathic molecular structure that allows micellar 61 interaction within the cell membranes of target organisms (4). 62 Lipopeptides are widespread in cyanobacteria and possess cytotoxic and antifungal 63 activities (5-8). Puwainaphycins (PUWs) and minutissamides (MINs) are lipopeptides 64 featuring a β-amino fatty acid and a 10-membered peptide ring (5, 9-11). Both classes exhibit 65 considerable structural variability in terms of length and functionalization of the fatty acyl 66 (FA) side chain attached to the stable peptide core (10-14). Only minor discrepancies in 67 length and substitution of the FA chain separate these two types of lipopeptides. A wide array 68 of bioactivities has been reported for these compounds. PUW C is a cardioactive compound 69 (15) as demonstrated by positive inotropic activity in mouse atria, while PUW F/G exhibit 70 cytotoxicity against human cells in vitro through cell membrane permeabilization (5). MINs 71 AL exhibited antiproliferative effects when tested against human cancer cell lines over a 72 concentration range similar to PUWs (10, 11). The overall structural similarity suggests that 73 PUWs and MINs share a similar biosynthetic origin. However, the biosynthetic mechanisms 74 generating the conspicuous chemical variability remain unknown. 75 on December 4, 2018 by guest http://aem.asm.org/ Downloaded from 4 PUWs are synthesized by a hybrid polyketide/non-ribosomal peptide synthetase 76 (PKS/NRPS) accompanied by tailoring enzymes (12). A characteristic feature of the PUW 77 synthetase is the fatty acyl-AMP ligase (FAAL) starter unit (12). This enzyme specifically 78 binds and adenylates FAs, and passes the activated acyl-adenylate to a downstream 79 phosphopantetheine arm of the PKS acyl carrier protein (ACP) for further processing (12). 80 The whole process bears resemblance to the biosynthesis of iturin-family lipopeptides (16-19) 81 as well as small lipopeptide-like cyanobacterial metabolites such as hectochlorin (20), 82 hapalosin (21), and jamaicamide (22), as discussed previously (23). Bacterial FAAL enzymes 83 originate from basal cell metabolism, and likely evolved from fatty acyl-CoA ligases (FACLs) 84 following a specific insertion that hampered subsequent ligation to CoASH (24) or altered the 85 catalytic conformation (25). FAAL enzymes play an important role in the assembly of other 86 metabolites including olefins (26) and unusual lipids (27) in addition to lipopeptide synthesis. 87
previously noted amino acid positions, the two positions adjacent to both sides to the 139 modified fatty acid (NMeAsn 9 -Pro 10 -(FA 1 )-Val 2 -Dhb 3 ) are conserved in all known PUW/MIN 140 variants described here and previously (5, 9, (13) (14) (15) (Fig. 3 , Table S1 ). Accordingly, no 141 functional variation in A-domains corresponding to these positions was observed within the 142 deduced PuwA, PuwE, and PuwF proteins (Table S2 ). This is interesting because these four 143 hydrophobic amino acids surround the FA moiety, which is likely responsible for the 144 membrane disruption effect suggested previously (5). Thus, we hypothesize that such an 145 arrangement could further support hydrophobic interactions with the lipid layer of the plasma 146 membrane.
147
For some of the other positions, minor variants were observed involving substitution 148 of amino acids similar in structure and hydrophobicity, including Asn-Gln at position 4, Thr-149 on December 4, 2018 by guest http://aem.asm.org/
Downloaded from
Val at position 5, Ala-Gly at position 7, and Thr-Ser at position 8 ( Fig. 3 , Table S1 ), 150 indicative of probable substrate promiscuity in their respective adenylation domains (29) . The 151 A6-domains in strains 4 and 5 activated Ala as a major substrate, and Gly to a lesser extent, 152 even though in silico analysis predicted Gly as their main substrate (Table S2 ). In strain 6, 153 Gly was incorporated, in agreement with the predicted substrate specificity. An epimerase 154 domain was present in each of the sixth NRPS modules of the pathways (Fig. 6 ), indicating 155 probable formation of a D-amino acid enantiomer at position 7 of the peptide core. Indeed, the 156 presence of D-Ala was previously confirmed in PUW F (5) and 11) , and D-Gly 157 was identified in MIN I-L (10, 11). In two cases, the adenylation domains A3 (PuwF) and A6 reductases that contain A-domains homologous to NRPS enzymes (31). 165 The last synthetase enzyme in the pathway (PuwA) is equipped with a terminal 166 thioesterase domain ( Fig. 6 ), which presumably catalyzes cleavage of the final product and 167 formation of the cycle via a peptide bond between the terminal prolyl and the β-amino group 168 of the FA chain, as previously suggested (12). 170 The biosynthesis of bacterial lipopeptides is typically commenced by FA-activating 171 enzymes (16, 18) . Initiation of the biosythesis of PUW/MIN is performed by a FAAL enzyme 172 (12) and allows a much broader array of activated substrates than the relatively conserved 173 oligopeptide core (13) (Fig. 4 ). We identified three alternative arrangements of the putative FAAL starter units (Fig. 5 and 6) , each corresponding to a different array of FA side chains 175 detected by HPLC-HRMS/MS, which presumably reflects the range of FA substrates 176 activated during their biosynthesis ( Fig. 4) . Cylindrospermum sp. strains 13 possess the Type 177 I putative starter unit consisting of a standalone FAAL enzyme PuwC and a separate ACP 178 PuwD (Fig. 5 , Table 2 ). By contrast, the biosynthetic gene cluster of S. muelleri strain 6 179 contains the Type II putative starter unit (PuwI) consisting of a FAAL fused to an ACP (Fig. 180 5, Table 2 ). Anabaena spp. strains 4 and 5 combine both Type I and Type II putative starter 181 units in their biosynthetic gene clusters ( Fig. 5 , Table 2 ). Although the functions and substrate 182 ranges of these hypothetical starter units requires further confirmation by gene manipulation 183 experiments, they are supported by the patterns of lipopeptide variants detected by HPLC-184 HRMS/MS ( Fig. 4 , Table S1 ). In Cylindrospermum strains 13 that exclusively contain the 185 Type I starter unit, the PUW/MIN products exhibited an almost continuous FA distribution 186 between C 10 C 15 (up to C 17 in negligible trace amounts; Fig. 4 ). In S. muelleri strain 6, the 187 presence of the Type II loading module resulted in production of PUW/MIN variants with 188 discrete FA lengths of C 16 and C 18 . Strains containing both Type I and Type II starter units 189 (Anabaena strains 4 and 5) produced two sets of PUW/MIN products with no overlap 190 (C 12 C 14-15 for the Type I pathway, and C 16 for the Type II pathway), but exhibited a slightly 191 shifted length distribution ( Fig. 4 ). Based on these results, it seems plausible that PuwC/D and Fig. 1, 4 ). 216 Intriguingly, all products originating from biosynthesis initiated by the Type II starter 217 unit (variants with a C 16 and C 18 FA tail in Anabaena strains 45 and S. muelleri strain 6) 218 include substitution of a hydroxy-or oxo-moiety ( Fig. 6 ). For minutissamides C and D, this 219 substitution takes place on the third carbon from the FA terminus (C 14 ), as described 220 previously (10), and this position was confirmed by NMR in variants produced by Anabaena 221 sp. strain 4 in our study (Table S3 , Figs. S36). In agreement with this hydroxy-and oxo-222 substitution, the respective gene clusters each encode PuwJ, a putative cytochrome P450-like
169

Two hypothetical starter units and their substrate range
215
FA tailoring reactions: oxidation, halogenation, and acetylation
We therefore hypothesize that the PuwJ enzyme is responsible for hydroxylation of FA 225 residues activated by PuwI ( Fig. 6 ). However, the formation of the keto variant remains 226 unexplained by our data.
227
Another gene, the putative halogenase puwK, was associated with the Type II starter 228 module in Anabaena sp. strain 5 (Table 2) . Although no conserved enzymatic domain was 229 detected in the deduced protein, it shares similarity with proteins postulated to be involved in 230 halogenation of cyanobacterial chlorinated acyl amides known as columbamides (33), and N-231 oxygenases similar to p-aminobenzoate N-oxygenase AurF (34-36). The possible functional 232 designation of this enzyme as a halogenase is further supported by the fact that the ω-233 chlorinated product MIN B, originally described in strain Anabaena sp. strain 5 (10), was also 234 detected in this study (Table S1 ) as one of the major variants, while no MIN B or any other 235 chlorinated PUW/MIN products were detected in Anabaena sp. strain 4 ( Fig. 1) . Anabaena sp. 236 strains 4 and 5 share identical organization across the entire gene cluster, and lack of the 237 putative halogenase gene puwK is the only difference between these two clusters in terms of 238 presence of genes ( Fig. 5 ).
239
In Cylindrospermum sp. strains 13 that exclusively possess the Type I starter unit, the 240 presence of minor amounts of hydroxylated and chlorinated variants ( Fig. 4) suggests the 241 involvement of another biosynthetic mechanism unexplained by the current data. This 242 ambiguity warrants experimental research such as gene knock-out experiments to confirm the 243 proposed functions of puwJ and puwK. 244 Finally, the gene cluster identified in S. muelleri strain 6 was the only one containing (Table 3) .
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Antimicrobial activity 260 Both PUWs and MINs possess cytotoxic activity against human cells in vitro (5, 10, 261 11). In the current study, we demonstrated that the major PUW/MIN variants (PUW F and 262 MINs A, C, and D) did not exert antibacterial effects against either Gram-positive or Gram-263 negative bacteria using a panel of 13 selected strains (Table 4 ). PUW F was the only tested 
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Distribution of PUWs and MINs in cyanobacteria 282
PUWs and MINs form one of the most frequently reported groups of lipopeptides in 283 cyanobacteria, and have been isolated from heterocytous cyanobacteria, particularly members 284 of the genera Anabaena and Cylindrospermum that inhabit soil (5, (9) (10) (11) . Only a single study 285 has mentioned the probable occurrence of puwainaphycins in a planktonic cyanobacterium 286 (Sphaerospermopsis) (39). Our current comprehensive analysis of these lipopeptides and their 287 biosynthetic genes further supports the hypothesis that lipopeptides occur predominantly in 288 non-planktic biofilm-forming cyanobacteria (23). In this context, it is worth mentioning that 289 S. muelleri strain 6 was isolated from a wetland bog in alpine mountains in coastal Norway 290 (40). This strain is a toxigenic member of a biofilm microbiome, and suspected to play a role 291 in the development of severe hemolytic Alveld disease among outfield grazing sheep (41, 42) . and Symplocastrum muelleri NIVA-CYA 644 (strain 6). The origins of the strains are listed in 322   Table 1 . For chemical analysis, strains 15 were cultivated in BG-11 media (47) in glass 323 columns (300 mL) bubbled with air enriched in 1.5% CO 2 at a temperature of 28C and constant illumination of 100 μmol photons m -2 s -1 . Strain 6 was maintained in culture using a 325 custom liquid medium obtained by mixing 200 mL of Z8 medium (48), 800 mL distilled 326 water, 30 mL soil extract, and common vitamin pre-mix (according to SAG -Sammlung von 327 Algenkulturen der Universität Göttingen, but without biotin). Cultivation was performed in 328 100200 mL Erlenmeyer flasks at 20C with a 16:8 light:dark photoperiod under static 329 conditions. Cultures were kept at low irradiance (4 µmol m -2 s -1 PHAR generated using RGB 330 LED strips). Cells were harvested by centrifugation (3125 × g), stored at -80C, and 331 subsequently lyophilized. Strain 4 was cultivated at a larger scale for purification of major 332 lipopeptide variants in a 10 L tubular photobioreactor under the above-mentioned conditions 333 in BG-11 medium. 335 Single filaments of strains 2, 3, 5, and 6 were isolated for whole-genome amplification 336 (WGA) and subsequent preparation of a whole-genome sequencing (WGS) library, as 337 described previously (12). Briefly, the glass capillary technique was used to isolate filaments 338 excluding minor bacterial contaminants. A set of 20 filaments from each strain was then used 339 as a template for WGA. Multiple displacement amplification (MDA) using a Repli-g Mini Kit 340 (Qiagen, Hilden, Germany) was followed by PCR and sequencing to monitor the 341 cyanobacterial 16S rRNA gene using primers 16S387F and 16S1494R (49 novo WGS were assembled using CLC Bio Genomics Workbench v. 7.5 (CLC Bio, Aarhus, Denmark). Genomic DNA was isolated from strain 4 as previously described (37) and the 349 quality was assessed using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, 350 Waltham, MA, USA) and an Agilent TapeStation (Agilent Technologies, Santa Clara, CA, was determined using a method described previously by our team (13). Characteristic FA 390 immonium fragments in oxo-substituted PUW/MIN variants were identified by employing 391 this method to crude extracts of Anabaena strain 5 containing the oxo-substituted MIN D 392 variant (10). Since a stable, prominent, and characteristic FA immonium fragment with the 393 sum formula C 15 H 30 NO + was obtained for MIN D (Fig. S1) 
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Molecular and bioinformatic analyses
Figure legends
